Much research has been carried out on modelling soil erosion rates under different climatic and land use conditions. Although some studies have addressed the issue of reduced crop productivity due to soil erosion, few have focused on the economic loss in terms of agricultural production and gross domestic product (GDP). In this study, soil erosion modellers and economists come together to carry out an economic evaluation of soil erosion in the European Union (EU). The study combines biophysical and macroeconomic models to estimate the cost of agricultural productivity loss due to soil erosion by water in the EU. The soil erosion rates, derived from the RUSLE2015 model, are used to estimate the loss in crop productivity (physical change in the production of plants) and to model their impact on the agricultural sector per country. A computable general equilibrium model is then used to estimate the impact of crop productivity change on agricultural production and GDP. The 12 million hectares of agricultural areas in the EU that suffer from severe erosion are estimated to lose around 0.43% of their crop productivity annually. The annual cost of this loss in agricultural productivity is estimated at around €1.25 billion. The computable general equilibrium model estimates the cost in the agricultural sector to be close to €300 million and the loss in GDP to be about €155 million. Italy emerges as the country that suffers the highest economic impact, whereas the agricultural sector in most Northern and Central European countries is only marginally affected by soil erosion losses. Soil erosion is the biggest threat to soil fertility and productivity, as it removes organic matter and important nutrients and prevents vegetation growth, which negatively affects overall biodiversity (Scherr, 2000) . In particular, soil erosion changes the physical, chemical, and biological characteristics of soil, which leads to a drop in potential agricultural productivity and gives rise to concerns about food security, especially in the context of a growing world population (Food and Agriculture Organization [FAO], 2015a; Graves et al., 2015; Pimentel, 2006) .
Soil degradation causes decline in soil quality and productivity.
Among the soil degradative processes (decline in soil structure, compaction, salinisation, decline of soil biodiversity, acidification, etc.), soil erosion is the most well-known form of soil degradation (Lal, 2001) . In this manuscript, we consider the impact of soil erosion by water in loss of agricultural productivity recognising that there also other forms of soil erosion (gully erosion, wind erosion, harvest erosion, etc.).
Soil erosion generates on-site costs that directly affect farming land. These costs are paid by farmers, through loss of fertile land. The on-site costs are mainly the value of future lost production due to the decline in soil resources (Colombo, Hanley, & Calatrava-Requena, 2005 ). These include losses in production, yields, and nutrients, damage to plantations, and reduction of the available planting area (Telles, de Fátima, & Dechen, 2011) . Soil erosion also generates off-site costs as a consequence of sedimentation, flooding, landslides, and water eutrophication. These costs are generally incurred away from the farm and are paid by society. The off-site effects of soil erosion include the siltation of reservoirs, sediment impacts on fisheries, the loss of wildlife habitat and biodiversity, increased risk of flooding, damage of recreational activities, land abandonment, and destruction of infrastructure such as roads, railways, and other public assets (Colombo et al., 2005; Telles et al., 2011; Telles, Dechen, de Souza, & Guimarães, 2013) .
A simple Google Scholar search for the term "soil erosion" yields around 1,070,000 results (December 18, 2017) , whereas 3,820 publications are found with the term "costs of soil erosion" (0.4% of the publications relevant to soil erosion). This very small percentage shows that the focus is more on the physical rather than the economic aspects of this phenomenon. García-Ruiz, Beguería, Lana-Renault, Nadal-Romero, and Cerdà (2017) recognised that it is still difficult to evaluate the economic consequences of on-site effects. Moreover, a cost evaluation of losses in agricultural production and gross domestic product (GDP) due to soil erosion at the continental scale has not been addressed adequately in the literature.
The consequences of soil erosion for society could be severe. The EU Soil Thematic Strategy alerts policymakers to the need to protect soil, proposes measures to mitigate soil degradation, and includes soil erosion as a key priority for action (Kibblewhite, Miko, & Montanarella, 2012) . The recognition of the importance of impact assessment has significantly increased in recent decades in the context of EU agricultural and environmental policies (Manos, Bournaris, Moulogianni, & Arampatzis, 2013) . The impact assessment included in the proposal for an EU Soil Thematic Strategy (EC, 2006) estimated the cost of soil degradation due to soil erosion at €0.7 to €14.0 billion, on the basis of estimations made of 13 largest EU Member States (MSs) where erosion is most prevalent. The impact assessment also estimated the annual costs of the on-site effects of soil erosion to be around €40-860 million. No data were available for the other 15 EU MSs. The reason for the broad range in the estimated cost of soil erosion is due to uncertainties regarding its long-term impact on agricultural ecosystems.
After a literature review, we present the main methodologies used for estimating costs of agricultural productivity loss due to soil erosion (Table 1 ). The first two simple cost estimation methodologies consider the erosion control measures and the soil market price (Table 1) . Kuhlman, Reinhard, and Gaaff (2010) ) and estimated a significant cost of around €3,571 million annually. This method estimates the cost of the application of measures such as the conversion of arable land into forest/pasture, terracing, buffer strips, residue management, cover crops, and conservation tillage. In the UK, Posthumus, Deeks, Rickson, and Quinton (2015) made a cost/ benefit analysis of control measures against erosion and found that buffer strips, contour ploughing, and mulching are the most cost-effective ones. The second methodology applied by Robinson et al. (2014) focused on the commercial market price and reviewed the cost of fertile soil in the United States and the UK. The market price of soil for direct use was estimated at around US$20/t (Robinson et al., 2014) .
According to Robinson et al. (2014) and Panagos, Borrelli, and Robinson (2015) , the market price of soil lost due to water erosion in Europe can be estimated at about US$20 billion per year. The main limitation of this methodology is the misrepresentation of market prices, which do not always reflect the actual value of soil (Adhikari & Nadella, 2011) .
In addition to the two simple methodologies for estimating on-site cost of soil erosion (market price of soil and cost-benefit analysis), the most well-known methodologies are the replacement cost method (Dixon, Scura, Carpenter, & Sherman, 1994) and the productivity loss method (Gunatilake & Vieth, 2000) ( Table 1 ). The cost of additional nutrients to soil (nitrogen and phosphorus) to mitigate soil erosion is an example of replacement cost method. Recent studies (Hein, 2007; Martínez-Casasnovas & Ramos, 2006) have addressed this topic at local/regional scale. The productivity loss method estimates the losses of crop yields due to erosion and quantifies the economic loss by taking into account prices of crops. Evans (1996) estimated the cost of reduced yields due to erosion in the UK at £11.3 million.
At international policy level, soil erosion is also perceived as being among the main processes contributing to land degradation according to United Nations Convention to Combat Desertification (2017) Article 1. In this vein, a recent study carried out by Nkonya (2015) highlighted the need to estimate the costs of land degradation at the global scale.
They promoted the Economics of Land Degradation initiative, which aims to develop a scientific basis for assessing the costs of land degradation. The United Nations' System of Environmental and Economic Accounting (SEEA, 2016) is a broadscale interdisciplinary environmental and socio-economic monitoring tool. The SEEA was introduced in 2014
and is gaining global momentum. It integrates environmental data with economic measures such as national income, stock markets, and GDP.
In a letter to Nature, Obst (2015) pointed out that integrating information on soil resources with other measures of natural capital and economic activity remains one of the least developed areas of the SEEA.
Against this background, the main objective of this study is to propose an estimate of the cost of soil erosion in the EU, using direct cost evaluation approaches and macroeconomic models. The direct cost evaluation approach focuses on the cost of crop productivity loss (lost tonnes of crop commodities). In the literature, the crop productivity loss method is more reliable compared to replacement cost method (Bojo, 1996; Enters, 1998; Gunatilake & Vieth, 2000) . In the macroeconomic approach (Table 1) , the computable general equilibrium (CGE) model is used to quantify the impact of soil erosion on the overall economic activity of the agricultural sector and on the GDP of European MSs.
| STUDY AREA AND INPUT DATA
The study area is the European Union (EU-28) which, according to CORINE Land Cover (2014) The importance of agricultural practices for soil conservation has been discussed extensively in the literature (Panagos, Imeson, et al., 2016) .
Soil erosion is among the CAP context indicators that assess the impact of agro-environmental measures on sustainable development.
The soil erosion indicator assesses rates of soil loss by water erosion processes (rain splash, sheet wash, and rills) and defines the areas affected by severe erosion (>11 t ha −1 year −1 ; threshold set by the Organisation for Economic Co-operation and Development).
| METHODS
A brief description of biophysical model for estimating soil erosion (RUSLE2015) is given below. Next, we present the cost estimation methodologies (direct cost evaluation and effect on crop productivity and complex application of macroeconomic models), which are used to quantify the economic impact of soil erosion on land productivity.
| Estimating soil erosion rates at European scale
Soil erosion in the EU was estimated using the latest state-of-the-art soil erosion model, RUSLE2015 . This model is based on a well-known and extensively used erosion model named RUSLE, which has been validated with more than 10,000 plot-years of experiments, and its input factors have been developed and weighted according to large number of field experiments (Renard et al., 1997) . RUSLE2015 takes as input the five main factors (rainfall erosivity, soil erodibility, cover management, topography, and support practices), which are modelled using the most recently available pan-European datasets (Figure 1 ) of soil erosion. This is a harmonised product designed to improve our knowledge of soil erosion at the EU level and does not challenge any regional modelling results (Panagos, Imeson, et al., 2016) . The spatial patterns of erosion rates are mostly influenced by land cover, topography, and rainfall intensity. The agricultural lands, which is the focus in our study, have higher erosion rates compared to forests, grasslands, and shrublands.
The RUSLE2015 dataset is further processed to estimate areas potentially affected by severe erosion in the EU, which are used as input in the agronomic analysis for estimating losses in crop productivity, agricultural sector production, and GDP ( Figure 1 ).
RUSLE2015 results are available for our study area (EU-28). Other modelling results such as Pan-European Soil Erosion Risk Assessment model (Kirkby, Irvine, Jones, et al., 2008) or data collections such as EIONET dataset (Panagos et al., 2014) do not cover the whole study area. The RUSLE2015 model has been extensively presented in the literature (Panagos et al., 2016a; Panagos, Imeson, et al., 2016) with its potentials and limitations.
RUSLE2015 model also triggered controversial discussions within the soil science community regarding the applicability of models to assess soil erosion risks on large scale (Evans & Boardman, 2016; Fiener & Auerswald, 2016; Panagos et al., 2016a; Panagos et al., 2016b) .
| Direct cost evaluation: Effect on crop productivity (lost tonnes of crop commodities)
The crop productivity loss methodology estimates crop yields expressed as tonnes per hectare for 10 commodity crops, predicts areas where severe erosion will occur, and estimates the likely loss in crop productivity. An economic value of crop productivity loss per year was derived by multiplying the loss in production by the average market price of the 10 crops.
The crop productivity statistics, taken from Eurostat (2016) On the basis of relevant literature findings ( ). According to Montgomery (2007) , the United States Department of Agriculture also considers soil loss rates of less than 12 t ha −1 year −1 (equivalent to 1 mm of erosion per year, assuming a bulk density of 1,200 kg/m 3 ) to be tolerable for maintaining crop productivity.
With the abovementioned data, the rate of loss in land productivity for each of the 28 MSs of the European Union was estimated as follows:
where LPL is the land productivity loss per MS (r represents the country index) expressed as %, SEA is the area of severe erosion per MS (ha),
and TAA is the total agricultural areas of the MS (ha).
This assumes that the productivity loss is equally distributed across all crop types within MSs and that the variability between them is due to different percentages of severely eroded land and total agricultural area. This hypothesis is made due to a lack of georeferenced crop areas per MS. Once the land productivity loss has been computed using (1), crop productivity loss per crop and MS is calculated as
where CPL is the crop productivity loss per MS and crop, expressed in tonnes, LPL is the land productivity loss estimated using Equation 1, CA is the crop area (ha), and CP is the crop productivity (t/ha). The variables i and r represent the crop ( 3.3 | Higher order costs: Using a computable general equilibrium model
The land productivity losses estimated in the direct cost evaluation are key inputs for evaluating the macroeconomic impact of soil erosion on the agricultural sector and GDP (Figure 1 ). The macroeconomic effects of soil erosion can be further evaluated using economic models. This implies going beyond the direct cost represented by the loss in production and quantifying its impacts on the economic activity of the agricultural sector and of the overall capacity of a country to produce goods and services, namely, its GDP. Among the different economic modelling approaches that can provide an aggregated and systemic representation of the economic activity, CGE models are widely used and consolidated both within the academic and the policy environments (Böhringer & Löschel, 2006) . It is worth noting that the macroeconomic effects captured by the CGE models originate from the decisions of representative consumers, firms, and the public sector, which are driven by changes in market prices. All these agents interact in the national and international economies.
Originally developed at the end of 1960s to assess the economic consequences of international and public sector policies, CGE models have been increasingly applied since the end of the 1990s to economically assess environmental impacts, particularly those associated with climate change. CGE models have been applied to various sectors such as agriculture (Tsigas, Frisvold, & Kuhn, 1997) , tourism (Berrittella, Bigano, Roson, & Tol, 2006) of climate change impacts on growth and GDP: Eboli, Parrado, and
Roson (2010), Ciscar et al. (2011 ), Ciscar et al. (2014 , and Organisation for Economic Co-operation and Development (2015) .
CGE models provide a multi-country, multi-sector description of the economic system in which representative firms and households demand and supply factors of production, goods, and services in order to maximise profits or utility. Demand and supply chains generate domestic and international trade flows, whereas prices adjust to guarantee their perfect matching. CGE models are calibrated; this means that their initial database and behavioural parameters replicate the economic transactions observed in a given year. Starting from the observed behaviour of "agents", CGE models calculate macroeconomic variables such as sectoral production, country GDP, and international trade flows. In principle, a CGE model can also economically quantify any "perturbation" of its initial market equilibrium (e.g., a tax, a subsidy, a technological shock, and a natural event) once this is appropriately translated into changes in demand or supply of factors, goods, and services represented in the model. In this model application, we use ICES in its static version (Fondazione Eni Enrico Mattei, 2017). The country and sectoral detail of the model used in this study are reported in Table 3 .
The starting inputs to the CGE model are land productivity losses associated with soil erosion, computed using Equation 1. This input is then directly translated into productivity changes of the land production factor in the CGE model. In the CGE model, land is a primary production factor, which is used by the representative farmer in each country and crop industry together with labour, capital, and a set of intermediate factors to produce agricultural commodities. Table 4 shows the relationship between the crops considered in the agronomic analysis (crop productivity loss) described in previous section and the crops represented in the CGE model.
In the CGE model, land productivity loss is represented as and is equal for all crops within the country. The land productivity loss is then used inside the (upper level of the) crop production functions.
These take the form of a constant elasticity of substitution function, which depends on land, capital, and labour:
where VA is the value added and La, K, and L are the values of land, capital, and labour, respectively. The elasticity of substitution function is 1- degree homogenous in the primary factors (land, capital, and labour) and allows for their substitution depending on σ i (the higher the value, the higher the substitution). The variables α, β, and γ are the associated productivity factors. The α i, r parameter is exogenous. It is modified in the simulation according to the influence of the loss in land productivity (τ i, r ):
| RESULTS AND DISCUSSION
Below, we present the cost of soil erosion due to the loss in productivity of crop commodities (per crop and country). The evaluation of the loss in crop productivity in terms of changes in GDP is described in the second subsection, on the basis of the application of the more complex CGE model. A final subsection presents the uncertainties of this study.
| Cost of productivity loss of commodity crops
The costs of losses in productivity are presented both per crop type (Table 5) and grouped at country level (Table 6 ). More than 12 million hectares of agricultural land in the EU (about 7.2% of the total) are potentially severely eroded every year (reference period: 2010).
Almost 3 million tonnes of wheat and 0.6 million tonnes of maize are estimated to be lost annually due to severe erosion (Table 5 ). The highest productivity loss (as a percentage) is found for rice and wheat because they are the most dominant crops in the most erosive areas of Mediterranean countries (Italy, Spain, and Greece). On the other hand, rye has the lowest loss in productivity (0.18%), as it is mostly cultivated in countries with relatively low erosion rates (Germany and Poland).
The total economic loss in agricultural productivity due to severe erosion in the EU is around €1,257 million (reference year: 2010), which is about 0.43% of the EU's total agriculture sector contribution to GDP (estimated at €292,320 million). In 2001, the European Commission's Directorate-General for Agriculture obtained similar results (using a similar methodology to the one employed in this paper), estimating the mean on-site effects of soil erosion (cost) to be 0.42% of gross agricultural value in 13 countries (Görlach et al., 2004) . Most (59%) of this cost is incurred by wheat, which is the most dominant crop in the EU. However, the total economic loss may be slightly higher, as the loss of high value crops (vineyards, fruit trees, orchards, etc.) is replaced by the lower cost of wheat.
Compared to the overall agricultural productivity loss of €1,257 million in EU, soil erosion by water has the highest impact in Italy, with a cost of around €619 million per annum (Table 6) . Spain, France, Germany, Poland, and Italy are the countries with the highest absolute agricultural area (>15 million hectares), but Italy has a high proportion of land subject to severe erosion (33%). Slovenia also has a high percentage of agricultural area that is subject to severe erosion, but it is a relatively small country. The Nordic countries, the Baltic States, Denmark, the Netherlands, Belgium, and Ireland and the smaller states, Luxembourg, Malta, and Cyprus have minor economic losses because their area under severe erosion is relatively small (Table 6 ). A consistent amount of phosphorous (P) is also displaced with sediments (by water erosion) from the topsoil, where it is preferentially accumulated due to fertilisations and its low mobility. Considering the average content of available P from the LUCAS dataset (Orgiazzi, Ballabio, Panagos, Jones, & Fernández-Ugalde, 2018 ), the erosion rates from RUSLE2015 and the price of P fertiliser (€440 as di-ammonium phosphate; FAO, 2015b), its substitution would cost €3-17 million per year. This wide range is related to the uncertain relation between plant uptake and available P from soil analysis; therefore, we 
| Macroeconomic costs of soil erosion
According to the results of the CGE model simulation (Table 7) , the economic loss in agricultural production due to soil erosion in the EU is about 0.12% annually (reference year: 2010), which translates into a loss of about €295.7 million to the agricultural sector.
Comparing the results of the two methodologies, the percentage change in the agricultural sector income is much smaller than the value of crop productivity loss in the EU (0.12% vs. 0.43%). This is due to two market-driven adjustments that the model captures.
First, the model partially substitutes the less productive land in the agricultural production process with more labour and capital input. This mimics the farmers' autonomous reaction to potential economic losses.
Second, as can be seen in Table 7 , notwithstanding the pervasive reductions in land productivity (the highest land productivity loss is the 3.29% recorded by Slovenia, followed by Italy [2.6%]
and Greece [0.95%]), agricultural production increases in 15 countries (third column). This increase is due to the effect of trade mechanisms. Those countries for which the decline in land productivity is lower (Table 7 : second column) may become more competitive (the price of their agricultural commodities increases less than that of their competitors) and thus experience greater demand and production.
The overall economic value of agricultural production gains in the 15 countries that experienced an increase in the agricultural sector is about €97.3 million, whereas the total loss in the remaining 13 countries is about €393 million. As a sum, the net impact is a decrease of €295.7 million in total agricultural sector income. Of the 15 countries that experienced positive agricultural production change, the Netherlands, Germany, and France had the highest positive agricultural production impact (Table 7 : fourth column). Italy is almost three times less affected than Slovenia in terms of % losses, even though the two countries experienced a similar physical impact (around 3% loss in land productivity). This is mainly due to the higher share of land used in agricultural production in Slovenia compared to Italy. These redistributional mechanisms are what CGE models typically capture and account for the substitution effects in the economy.
In terms of GDP (Table 7 : fifth column), losses were found to be widespread in the EU, and no country experienced gains. The explanation of GDP losses is straightforward for countries that experienced losses in agricultural production, as this also negatively affects GDP. However, it is not so obvious for the countries in which the agricultural sector expanded production. In these countries, land is becoming less productive, which decreases the ability of the country to produce, even though, eventually, the effects of international trade (demand) can induce an increase in agricultural production. This can be achieved by putting more resources into a less productive sector at the expense of more productive sectors.
Eventually, the overall resource reallocation yields less than the initial allocation. In the majority of cases, the value of GDP losses (Table 7 : sixth column) is lower than the value of agricultural production losses (Table 7 : fourth column). This is another consequence of the functioning of market mechanisms. When the agricultural sector contracts, factors of production are free to relocate to other sectors, thereby mitigating the overall GDP loss. This is true especially for labour and capital, which are perfectly mobile across all sectors of the economy. As is typical in CGE models, these adjustments tend to be low cost and almost frictionless. In fact, CGE models represent an idealised and fully competitive economy, under the assumption that the European markets continue to be well integrated. Accordingly, the estimated GDP losses should be considered as the lower bound for economic losses.
Overall, soil erosion, through crop productivity loss and total net decrease in agricultural sector income, can entail a loss in GDP of €155 million to the EU at current values. As the CGE database includes The analysis also allows for the representation of sectoral effects within agriculture in each country (Figures 2 and 3) . In percentage terms (Figure 3) , rice exhibits the largest oscillations. This depends on the greater substitutability of rice in consumer preferences, which means that the consumer is more willing to substitute domestic with imported rice compared to other crops. This is called the Armington hypothesis (Armington, 1969) , on which CGE models rely. However, rice represents a very small fraction of the EU agricultural sector's added value, and its production is concentrated in Italy and Spain.
Accordingly, monetary impacts of reduced rice production are quite small. Monetary impacts are largely driven by wheat and other crops, especially in Italy and Spain, where they account for about 96% of the net agricultural losses in the EU.
| Uncertainties
The main uncertainties that should be considered in this study are (a) the soil erosion estimates as outputs of the biophysical model, (b) the assumption that crop productivity loss of 8% occurs in agricultural fields with severe erosion, (c) the productivity loss is equally distributed across all crop types within a country, (d) the assumption of assigning the non-widely cultivated crops as wheat in the cost evaluation, and (e) the assumptions in the macroeconomic model and the market prices (described in Section 3).
The first source of uncertainty is the application of RUSLE2015 and the prediction of potential soil erosion rates done with this biophysical model. The calculation of actual erosion rates for more than 4.3 million km 2 (covering the EU) is not possible. That is the reason for using models to estimate erosion rates at continental scale. The estimation of actual erosion rates based on empirical data is feasible in small catchments but more difficult than the use of models that predict potential erosion rates. The choice of the 8% threshold (second uncertainty) is based on the output of the majority of the reviewed studies, which set this as productivity loss percentage. The rest of the reviewed studies have estimated loss of agricultural productivity between 4% and 12% in case of severe erosion. In this uncertainty, we could also add the assumption that low erosion rates have no impact in agricultural productivity loss even if this was repeatedly mentioned in the literature (Den Biggelaar et al., 2001 ).
The constraint of not having georeferenced available crop data in EU resulted in the third uncertainty of this study. This limitation (equal distribution of agricultural productivity loss to all crops) was somehow narrowed at member state level with use of country crop statistics. Due to huge number of cultivated crops in the study area and the lack of model-requested statistical data (cultivated area, productivity per country, prices, etc.), we could not model the cost of agricultural productivity loss due to erosion for crops such as vineyards, olive trees, and orchards. So, for the 11% of the study area cultivated with al high diversified number of crops, we have assigned wheat as cultivated crop (fourth uncertainty). Of course, this guides to an underestimation of our results as the wheat productivity loss is minor compared to productivity loss in vineyards or orchards.
Regarding the fifth source of uncertainty, this was discussed in the CGE model outputs. Moreover, GDP is not always the most appropriate indicator for assessing economic welfare, population well-being, and sustainability (Kubiszewski et al., 2013) . GDP is a measure of flow rather than of stock and the value of soil (or of land, houses, etc.) is not part of GDP.
This study is a significant contribution towards better understanding the impact of soil erosion in land productivity loss. However, the results should be handled with care as they include the uncertainties of the biophysical model and the economical model plus the assumptions of a perfect economic system.
| CONCLUSIONS
In the EU, the loss of agricultural productivity due to soil erosion by water is estimated at 0.43% per annum, on the basis of the combined outputs of biophysical and agronomic models. Taking into account the erosion rates, the crop distribution per country, and the mean commodity crops prices, the annual crop productivity loss is estimated to be around €1.2 billion. Using a CGE macroeconomic model, we estimated the annual cost of soil erosion to the EU agricultural sector to be around €295 million (a reduction of 0.12%) and to lead to a loss of around €155 million in GDP. Simpler approaches (market price of soil and erosion control investments) estimate much higher costs of soil erosion in Europe.
In monetary terms, the loss in crop productivity due to soil erosion is four times higher than the loss in the agricultural sector and eight times higher than the GDP loss. This is due to endogenous adjustments or adaptations in the economic system through trading mechanisms (import/export flows, competitiveness, consumer preferences, reallocation of labour and capital between sectors, etc.). These trading mechanisms mitigate initial losses (crop productivity), as macroeconomic models (such as the CGE model) can take them into account.
Finally, it is worth noting that such mitigated GDP losses can be attained only as long as perfectly flexible and competitive market conditions hold.
The results of this study suggest that soil erosion by water is not a threat to food security in the EU but imposes particularly high costs on the agricultural sector of countries such as Italy, Slovenia, Spain, and Greece. With about 9 billion people to feed by 2050, global agriculture production will have to intensify, presumably on a reduced proportion of land, as soil erosion, soil sealing, and salinisation increasingly take their toll on the landscape. Although soil erosion rates do not yet pose a food security issue in Europe, anti-erosion measures should continue to be implemented in order to further reduce the current unsustainable erosion rates. Future research is needed to quantify the economic loss incurred due to the off-site effects of soil erosion.
